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although the reot nean square and bias errors suggested that 
a gradient wind expression was a slightly batter estimate. A 
Wind-radius relationship evaluated by Sn2a and Gray (15972) 
PS aeanc ie CvyeLones Was Shown to apply vary well for this 
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JE INTRODUCTION 


To define the structure and dynamics of any atmospheric 
PaeremenOn, it iS necessary to obtain observational data, 
bepsimenOra ZOn~aliy and vertically, in the vicinity of the 
phenomenon. vo mdicnd "GOmlec =o, Coeds, teMPecsature, humid= 
sty, height of pressure surface, wind iitaction and speed, 
eemere USed to construct a modal of th> phenomenon. Theo- 


cies which have peen developed to dascrips th 


(D 


phenenmenon in 


physical or mathematical terms can th2a be test2d agains= 


ww) 
QQ 


euemm ground -<=nth"” cf the observational model. Rouctine 
mMateorslogical observations from piloz ballcons, reayen- 
Pomeeceeeadic=at= and, more trecentiy, sa zellit?e sounders, 


have become available only within the Latter haif of this 


Some Ws y Surface observations are genaralily clus*2red near 
land masses. Ouels< Upper alr data Ov2t oceans are con- 
Smedeco tne few island teporting stations and along airline 
routes and, therefore, usually do not adequately describe 


c+ 
2 
@ 


cmemisiguletcant weathsr activity over large areas of 
oceans. 
One area cf research which has suffered greatly from the 


scarcity cf high quality observational data is tha study of 


maewecal, Cyclones. Dataemcomlecced=in the vicinity of 
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Beumopeceal cyclones are sparse for two re2sons: 1) EE Oo cal 
Peuemse> =Cnd =O be confined for most of their lives to 
tropical ccean areas, where the number of upper air observ- 


megmobescs 1S limited; and 2) Seacratcm and wsonlDs Send to 


+ 


peed <GODical cyclones for safety considerations. 


a 


Mice rOmer nese SONStraints on the quantity of tropica 


od 


thy 


cyclone data, studies using these data ar aril 


ib 


EC] 5 


fe) 
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two basic types: the "case study" method and che "compo 


(Nn 


(D 


f= nod", The cas@? study approach involves the study of the 


Silieemne-2OnS AssSOocLated With single tropical cyclones (¢.g., 


iD 


La Seur and Hawkins, 1963). Mise o on aegi= Can. Only be} 


employed if a lazg2 amount of data has b2en collected (4.g., 


|- 
rh 
ct 


Via special a 


(wD 


rera Teconnaissance) becanse the normal daca 


@yesag= 15 Genezszliy too sparse 19 dascribe the tropical 


eeesom= S 2ruUGture adequately. Pos COND OS cS meznod may bs 
divideq into three subgroups. town awison d=] Conposit=s"™ 


ct 
(D 


Grem@auewsinvolvyss the combination of 2 large number of 
Tawinsonde observations ccllected from different storms over 
qeeemoameeme Dericd (Jordan, 1952; Frank, 1977). else te oi 
posite aircraft reconnaissance data" mneéthod involves the 
evaluation of a large number of aircraft observations in +he 


Vaom@meeyeroremany cCEOpical cyclones (Shea and Gray, 1973). 
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Di ———~neEd MeenOd CONDInes axrcraft and rawinsond> data 
through a compositing technigus. The rawinsornde composi-e¢ 
eal@ees have provided vaiuabls insight into 


Menace sg als 


(D 


oO 


S 


ct 
al 


Rome aronOr the ehOopical cyclone and its envitonment. Hovw- 
Eoin erences concerning the structure close <o the cen- 
emote che SYStEM, °.9. WieeteyenOo NM Wnaut~scal miles), 
become tenuous because of the smaller data base available. 
ieee ea=as SOUnMGTAGS near the center of tropical cyclones are 
raze for two reasons. Dsemres. Ccyclon=s form over tropical 
Octans away from zawinsonde sites, and it is very difficult 
=o beuneh tawWwinscndas during che advers3 waather conditions 
associated with mature tropical cyclones. 

Oreen- O-hes hand, reccnnai:ssance airccratt have providad 
MmiiteenemobS@eEVakOnS Of “hs tfopicai syclon¢e circulation 
eW=ing various stages o£ its davelopmen:. The major dzray- 


Spenaen ens’ 252 taken az only 


PeeexesOue2rcraft chservations 
@smail aumber of pressure levels {usually only ons), and 


SmUcmacmnow prOvad> the vertical structuce information which 


a2 rawinsondeée does. Sees eOoaN2- Lon CORCErIing =he 
CG eeaeS.=EuctTure can be gleaned from *h2 large amount of 


aircraft data which is availabl2 from many cyclones. 
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This thesis p 
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tty 
ct 
tf 
iD 
QO 
O 
25! 
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2sents analyses of 7J0 mb aircra 
Memssisence de.a £5r 25 selected tropical cyclones which 


Seieiiemed 2h the pnorthwest Pacific between 1978 and 1981. 


The first goal of this study was to determine if =he mneteo~ 
rological observations obtained by oparational reconnais- 


sance aircraft (whose primar 


hes 
= 
} 
FP 
in 
}- 
O 
$3 
} é 

d 


Sem Cas ce sup pos. 

ecmermsicrercoentiy high quality to provids tropical cyclone 
“eee eiee INEOrMation which is consistent with the informa- 
Peeommerpowedaed by the more sophisticated research aircraf<. 
Second, an attempt was made *9 deétermiae, from the 700 mb 
aircraft data, if a selationship exists bstween the arrival 
of high e¢quivalént potential «¢mperatur3s air near the 


eyewall and a@ subsequent drop in central surféce pressure. 
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ee BACKGROUND 
Early aiztcraft reconnaissance (T & WA, Inc, 1945; Wexler 
and Wood, 1945) was conducted primarily t9 determine whether 


1% was possible for an aircraft +o penetrate safely through 


it 
r= jg 
(D 


Cen comme: a MadeursS tropical cyclone. ObseEvations dur- 
migmecni=ese flights #er2= mainly visuel, but they did provide 
new information concerning the larga-sc32le dynanic and 
thermodynamic process¢ées which take placa near the center cof 


4 


fee nopscal Cyclone. For example, 2arly rseeonnarssance 


t- 


Pl=QGts discovered the sxistence of a narrow band of ascend- 
mEmmcreemea= =he cyclone center, “the eyewall", with gener- 
ally descending air (except in hs vicinity Ores 


+ 


~ainbards) Sure d- seem eh Smarsa (dexle> and (Wood, 1945) 


0 


! 
= 


f-t- 


Or => these obeservations, it was thought zhat ascending 
aiz should exist sver the entire area encompassed by <he 
Geren-,ewretn descending air only within th2 sye. 

By the late 1940's, aircraft reconnaissance *o support 
*ropical cyclone forecast centers was being routinely con- 


@@eeeaoy the YU.lS. Navy and Air Force in the Atlantic and 


WS 





-“H2 northwest Pacific Oceans. 


operational in natures, ale 


rasearch data. SIMDISI nN HGlese, 


meee (1955) performed the first 
craft reconnaissance 
peererc= Lnte both Atlantic 
Sewenes. Inlcrmation 


and, in somé cas2s, altered 


Mopezetroal and vertical 


Temperature and wind fields, 


d 


rt 


eroud With ne 


NY) 
it 
wD 


=ceue os > 


=topicel cycicne research aircs 


“si 


>) inerease both the quantit 


lacted. This advancement wes cr 
he near-eye structure as 


Cd 
— 


fields 


(D 


(iD 


mperature and dewpoint 


The most comolet2 study 


cyclonets inner core region wa 


Suey (t273), who composited 13 


s~econnaissance data for tropical 


Zee OG a tl. The composite of 


s 


BimMteiwed se the decumsnotation of 
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providei bv 


Structure 


press 


Cen ge 


se slialial dyer bolic() Mepa 


well 


subz 


Ale nougna theses =~ £12 9h 


often possible <o 


Veer and Simoson and S<ar- 
extensive svaluation 
G@penas1 ona 1 
W2st 


reel mace VaeGuwe.C =2rOp? Cal 


thease studies expanded 
Pew oee sean Pemeer2es) OL Ae 


ro 
{Vv 


ct 


wlhOpweal Ccyelon> 


wD 
ye: 
ct 
(n 


ous 


m 
$v 
t+- 


2) 


advens of specially 2 
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loo Ds. Se Wa 


(1) 


possibie 
eee dace. COl= 
Ue-eraow ene detailed szeyudy 


= maou 


(i) 


pressure, 


(La Seucr and Hawkins, 1963). 


= 
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aC deee. 55 ee 


(Db 


OF 


S accomplished by 
Veause or 
eyelonss gun 


mas Langs 





asymmetries, tiem aslapelteyeamong th= individu 


p 
t-- 
Q 

hed 
Q 
t— 
O 
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VU) 


was also demonstrated. 
Seige wes Oheat=cra tt reconnaissance Jata from aperational 


and research flights have also provided the ovsratcional 


5 


Forecaster with some useful tools. Th clude: a tech- 


(D 


S 


(D 
e 


4 


BeeeuresfO> SStimating cen*=ral ssa 1 


(v 


Vv 


(WD 


Pepesssuse £20n ava= 
Geeatt Observations (Jordan, 1958); a proposed method for the 
gS-enmineation of tropical cylone intensity <hrough upper- 
Beem@aepret lc al=craft reconnaissance (Gray, 1979b); anda 
*echnigu2= for forecasting intense tropical cyclones using 
BempeGet.-Pprovided temperature and dew point data (Dunnavar, 


1981). 


B. MOomonwiot PACIFIC AIRCRAFT DATA COLLECTION 


Om 


iaepeecal CYCLONnS  aiircrafk=] ESeconnaissanc2e in th nort 


W 


iD 


(D 


Semesters se 2S comdicted by the Sdth Weather Reconnaissanc 


wresonmmor  =he Unt tcd States Alz Force using WC-130 air- 


4 
~ 
ih 
ct 


Cc : Semee f970, the Aizetat= Resrdnnaissance Weather 


i 
hy) 


4+ 


Officer (ARWO) on @ach reconnaissance nission has prepared 


Mee phetal data” messages which are relayed to the fcre- 
casters at the Joint Typhocn Warning Canter (JTWC) in Guan 
via teletype. The peripheral data asssage contains the 


Peresceomeof she tropical cyclone's 700 mb canter, «he 700 ab 
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weegnt, temper 


ry) 


Slama lCmadew Doone ea. et ne = canter s -and << 


iD 


mooweab height, temp 


iD 


fds 


Wecy ue dea) POlnt aad rtlight isvei win 


(hp 


cr 


Ee 


memowmolu, 20 ance 120 NM from the cyclone center for both an 


mrpeund 2nd an outbound flight leq. EXC Dimi)  t2eas (OL 
restricted airspace, the inbound and sutbound legs are in 
Seeeaesen= (Usually opposite) quadrants of the cyclone. Si 


has been the policy of the JTWC to réquesz aizccratt recon- 


Memessane= tO SUPpPOrt at least two of the four daily tropical 


eyerecene watnings, when logistically possible. eases 7 OO) mS 
Beeepnepsal data, observed at intervals of 12 h (hours) ofr 


less, has been collected for many northw2st Pacific tropical 
evecwon=s from 1978 to the present. 

The 700 mb height data wers optained using an AN/APN-42A 
Radar Altimeter (9r as a backup, ¢ither an SCR-718 os 


eit sarcret= Atesesareh 


be 
ry} 


ADN-133 Radio Alctineter), together w 
[eater Gessure Bacoie= (or as 2 backup, an AIMS Courter- 
dzsum pointer Aneroid Pressure Altimetésr). Deno ys acids Oc 
mage oma -2me-et provided the absolute altitude of the aiz- 


ded the 


(-’- 


ib 


Saaeemandetme pressure encodsr (or altiaetsrz) prov 
pressurs altitude. A seriss of calculations and corrections 


was employed to reduce these two measurements to a 700 mab 


haight value (Handerson, 1980). The accuracy of a 700 mb 
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eight determined this way is about 20 a (Det 4, Aor 
Meieemes SebvVice, 1980, Typhoon Duzy Officer Brieéf). 


The 700 mb temperatures were measurel by a Rosenount 


AN/AMQ-28 Total Temperature System. Innis devic 


M 


employs a 
resistance element in an external prob which is posicticned 
moeteduce fricticnal effects. It is accurate to within 1%c 
fdenaersor, 1980). 

The 700 mb dew point tenperatures were measured by a 
Cambridge Systems AN/AMQ-34 Aircraft Hygrometear. ras Ss 
instrumant essentially measures the temperature of 2 mixrror 
mietemeras peen cooled to the point where condensation forms. 
miomideavsce is aeccuret= £6 within 1° C for tempe=atures above 


0° c (Henderson, 1980). 


The Elaight level winds (2.2. 790 mb) were dectarnined 
using a one-minute average from a Doppler radac. Measured 


Wind directions ara accurate to within 5 degrees and speeds 


+ 


commence © kt (knots). ies hould De hored. that. Doouples 
attenuation in heavy precipitation could proiuce spuriously 
low wind speed values (Dect 4, Air Weathar Sérvic2, 1980, 
ivomoone Duty Officer Brief). Wind speads were not reported 
if it was obvious to the observer that extreme attenuation 


Da dwececucred. However, small reductions in wind speed dus 
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Pmees uation were generally not detectable, a 


oe | 
(2u 
it 
a 
{D 
tf 
iv 
ih 
O 
| 
a) 


Wee a SOUTC]S of error in the data base. 


oF Pee reeGate CYCLONES USED FOR THIS STUDY 


It was decided that only those tropical cyclcnes which 


ct 
4 
fv 


me"ecd che Philippine Sea east of ths Pe open] is Waa es ; 


‘9 
1D 
'O 


a 
(v 
7) 


Eeoewecne Island 9£ Guam and south of Japan would be cona- 


Va 
t , 
f2u 
(D 


red for this study for thea following reasons. By ana- 


sted in tne sam2 general 


t-- 


ineeenagect SOD Cal cyclones which ex 


a] 
rt 
(D 
ev) 
Q 
i 
@ 
Qs 
(Qu 
} 
th 
th 
(iD 
r4 


areca, bu Efia@ctiemsG-e2es, we was hoped chat 


Mecns.. Lcaes on woulda be 


t4- 


any geographic cepnendence on 


Bomucecd. Climatology indicates that the overwhelming najor- 


tf 


mC tem@onathwest Pacific tropical cyclones pass through this 
mee cmedoim: LTyohcon Werning Center, 1979~1982). ALSo,;oenos = 


Soe camecyclones Which feach supes-tyahoon strangti, Or 


Meee rdoma period Sf tapid intensification, doso in this 


mesonmeicliliday aid Thompson, 1979). Rawinsond2 sites ars 
Seeeeceeta this part of the Pacific, so it was necessary for 
eemuites, <5 request extensiv= eirerafz reconnaissance for 


Gyclones in this area. This tegicn is also equidistant from 
the reconnaissanc? aircraft launch and <fracovery sites at 
Gifemisomnae Base in the Philippine Islands, Yeckota Air Base 


in Japan, Andersen Air Force Basé on Suam, 2nd Kadena Aiz 
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Base on Okinawa. Reds. e Ss a2eesenr. have longrot=sta=ion 
eemeo which permit the ccllection of larg2 amounts of Ga-a 
m@meene Vicinity of cyclones in this area. Reconnaissance 
@eEcratt observations for storms outside of «he region were 


Seeuuded £frem this study. 


TABLE 
tee one igeotcal Cyclones With Peripheral Data 


foie — = supe eyphoon, TY = typhoon, TS = tropical storn 


moat Neeth Gyeilone Maximum Wind Min Prassure No. of 
Name (kt) (mb) Radial 
Legs 
1981 Aug TY# Thad 85 965 34 
1981 Sep Ss. )8iSie 8, 823 Bus 
foot 6NOY TY Hazen 100 956 Be 
1981 Nov Sr Irma 125 Se a2 
1981 Nov ES Jeff 88, hes. 6 
1981 Dec aoe Kens 115 924 60 
1980 May ey. Dom 90 956 14 
1980 May TY wee en 110 931 60 
1980 Jul cS Ida 690 980 18 
0. Jul ay Joe 105 940 Paps 
foo) Jul Sy Kim 130 908 4 0 
foo, OCt LY Betty 120 cas) yu 
1979 Jan hie vali. ce 110 a0 76 
io 6a TY Bess 90 OS 30 
1S) Seal iS Faye 4Q g96 10 
ayo. Jul Su Hope 18 898 6 
io Aug See Vang 90 954 34 
1979 Aug ST Judy 135 887 oy 
1979 Sep ie Owen 110 918 58 
oe oO = Si Spano 165 876 Wine 
le Nov St Vera 140 o> BS 
1979 Dec ny Abby 110 954 64 
le23 Jul Ls eee) 4 TO eT) 4 
poo ~OCE Sr Rita i> 878 58 
Vos SV Eee Viola 125 911 40 
TOTAL RADIAL LEGS = 1002 


The geographic constraints established above allowed tne 
selection of 25 tropical cyclones which developed between 


Wve endq i987. iis Of sete paceseneral data for these 25 


BY 











Cyclones were obtained from the archives of the Naticnal 
Gilamate Center (Table I). fico Ine ludged ) s:7h+ supex 
<yphoons (maximum sustained winds of 139 kt or greater), 
nané average typhoons (maximum susctain2d winds between 100 
kt and 130 kt) and ecght weaker tropical cyclones ( maxinun 


winds less than 100 kt). 


ae DATA PREPARATION 
Copies of the peripheral data messages prepared by «he 
ARWOS were obtained from the National climate Center. The 


message format was sufficiently consistent 
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to year 
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eoat’CW¥Mceomollirg of the data into a ao SO tes ef 


-_ A 
wi 


sv 
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mye elrcrart observations ft5m the 25 tropical cyclones. 
iaemmestcer file ccntained 4008 observations, <each of which 
Canieeaned: the year, month, date and tim2 of *he observa- 
Bien, the cyclon= name and numoer; the 700 mb height, 


=<ompereture and dew voint at “ha cyclone canter; the 709 mb 


fay 


eregikese ss cempera=ure, dew point and flight level wind spse 
MGs ction at the location; ememocation Of ths cyclons 


een eer (latitude ma erga cus ¢)s Pam lLOca LON: 332i 7) ZnS 


§) 


sbservation with raspect <to the cyclone center by quadrant 
PoGuesacea dss tanc> E£rom the center (30, 60, 90, or 120 NM); 


a designation which indicated wheth2r the cyclone ultimately 
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became a weak, typical or super typhoon; and an indication 
i= the observaticn was made before the cyclone reached 
maximum intensity. 

Eight consecutive lines represenzed one peripheral data 
message. That is, four inbound observations ( at 120, 90, 
60, and 30 NM) in one quadrant, and four outbound osbserva- 
meeoroeteat 30, 60, 90 and 120 NM) in another quadrant. To 


reduce tne effects of cyclone movement and asymmeaczries in 


uv 


she dynamic and thermodynamic fields, 2 sscond data set was 
gsnerated. This data set was composed 3£ 2004 observations 
wnich represented the metecrological variables at 30, 60, 90 
and 120 NM as determined by averaging th2 values obtained on 
Po= Gnbotnd leg and outbound leg at each radial distances fer 


Sach penetration of the tropical cyclons. 


ZS 





Tae sae AL WIND STRUCTURE OF THE 
Bonen ESe eas 


After the airccaft data had been averaged as described 
in Chapter II and scanned for obvious errors, they were ana- 
lyzed t9 determine if the wind observactions satisfied gradi- 
ent and/or cyclostrophic mass-wind balances. Also, a wind 
speed-radius relationship was evaluatei and compared to a2 
relationship noted by Hughes (1952), Malkus and Riehl (1960) 


and Shea and Gray (1972). 


tne Vatiiat on Of che obSeGrvVsed winds involved three 


bessG aSStwm@p-=icns. irst, it was assunead that the average 
of the wind speeds for the inbound and outbound legs ata 


radius was scmewhat representative of ths wind speci for tne 


(D 


Reece 8 =fOp2cal cylcone at that radius and time. fhas 


ct 


assumption would have been stronger if 1t had been possible 
MOMeeveneage. More than just <wo radial legs at a ‘time. 


S-cong!y,eet. Was assumed that the maaqnitude of the tangen- 


ial wind could be approximated by th? magnitud? of thea 


2 
iD 


observed wind. This assumption is supported by ¢ findings 
of Shea and Gray (1973), who datermined that there was ver 


weak azimuthally-averaged inflow or onbletya dkreyt) elke the 
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@oee=-tevels (750, 650, 525 mb) from <he radius of maximnun 
winds (RMW) tc at least 4O NM. This implies that the radial 
Wind was eltner very small, or that the inward radial veloc- 
memos OCCUEDed as Sften as ths outward velocities. It was 
assumed that Shea and Gray's results could be applied to the 
PoOembp evel and cut to 120 NM. With a large data set, such 
as the one used in this study, the azimuthal averaging would 
tend <9 eliminate the radial wird component so that the 
Sosetved Wind would be a good approximation of the tangen- 
foal) Wind . Finally, the mass-wind balance equations which 
were used in this study are valid fcr steady stat2 situ- 
Peon oronly (i.e. “he wind speed is not changing with time). 
Al=hough che data represent tropical cyslones at all stages 


of development, it was believed that the large size of thea 


(Vp 


Mmeems=emwould allow £5F an assumption sf steady state con- 
dea 2 Ons. This same assumption was also made by Shea and 


Grey (1973). 


Ae Piteesaso=-WLND BALANCE 
The gradient wind balance equation (Holton, 1979) can 


eataewcmo corm : 
2 
V 
ow Sr 


whers, V = tangential wind speed 
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fe = Cadhvalwarcrance fz=om the center 


ih 
it 


Eeez1olis Pparanecer 


Z = geopotential height 


pomyvoend £O5 VY with the positive root yields: 






(2) 
or 


fv 


Because 700 mb height data were availapnle at 0, 30, 60, 


O/ 
6. 


memenesi20 NM fren the cyclone center, GS CU Games et 


“=| 


Meesedues 350, 60, and 90 NM using a centered finite differ- 
ence scheme. By using this 2pproximation co the derivative, 


4£ was possible <*5 calculate gradient wind speeds based on 


miewla-i¢Ude of ths cyclore, Ciemat Stance trom she cyclon= 
feeeessana 2he 700 mb geopctential heignt gradient. These 


Gradient wind speeds were then compared £95 “=h3 observed wind 
soeeds (Tabl=2 II). 


MiemecgrlO’2S parameter in the tropics is sméil, and the 


Weem@esSP=easS associated with tropical cyclones can be high. 


Mamecentscegience, 4a scaling of the individual terms in the 


gradient wend squation ie searss that ZO a good 
approximation, this equation can be reduced *o 2 


Sr, Gresesepnses balance equation: 


; (3) 


We 90 
we 0C«éar 
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or y= r o¢ (4) 
or 


ieee Ve ly, this balance should be mosz applicable near the 
cyclone center where r is small and/or in the lower lati- 
tudes whsre the Coriolis paramet er 1S stall. Pn Semsey Clo = 
strophic winds were also compared +o tha observed winds as 


Boyeoe and 90 NM (Tables IT). 


TABLE If 


@etmeeecl2c. On of Cyclostrophic/Gradien=t Wind and Observed Wind 


Balance Radius Ibs. Used © Cicer Regression 2quation % 
(NM) CO =t =. (Wards “in 1/s) 
iicoeal Case' 1. 000 y NO Oates Oa Oo) 
Sradient 
30 Avie ee BR Cis ey aac, ears: 
ies LT 20 ENT . 798 Va eht Oo ee e263 
ba=- Gl 2o yn * 75.6 Ve ate 2922 4 + 4.4 
60 Beige see Ve ara Oot ok bos | 
Bae Lt 20 aN . 809 Vy =e OiZa Soe Ae 7 
Lat GT 20 N Ps) 0), WE Sic) 3 Bll ame rate, 
90 ALL 5 ete) y= .947 x + 2.5 
ears, LT 420 N - 824 y= .988 x + 1.4 
Lat GT 20 N 7 oS5 Vy = o-«:1 96 521 
Sc icsrcOphic 
30 ALL ess Viet OO “X =F" 3225 
ide ere 20 ON . 1399 Vera /Xotee eo 
awa la. on Se Isis Veen 2 eX Et O50 
60 AIL - 814 Ven=o lenis o x + 358 
ipeot LT 20 N . 809 Vee eee xour es 5 aul 
Lat GT 20 N - 808 Vara i 209 5% +626 
90 ALL 7 O03 y = 1.011 x + 4.3 
fe rota Oy baa A 6 tae | Wes PAs Vercelli OS Xt Sl 
Lat GT 20 N - 684 Vogee io 10 0X + bi2 
MeoeGere"= £O >bServed wind, y refers to calculated wind 
Beepeetvattons south of 20 North latitude 
PeeomeervaectOons nOrth of 20 North latitude 
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Wigemecath | latzateudes and all radii were included, =e 
correlations of the calculated wind spesdis with the observed 
Mmerieooeceds canged from about 0.78 to 0.81 for both the gra- 
Seeemerand che cyclostrophic winds. The linear regression 
Sa@et2ons are ais> listed in Tabie II. Phe se@oerlichen= 


multplying the observed wind in «he lin 


(D 


ar regression 2qua- 
Pommas Tear 1.0 if most cases. The y intercept is generally 


between 2 and 5 m/s, which suggests that the observed winds 


ju 


Memon ene averag=, 2 to 5 @/s lower than the calculated 
mare ne Or CyCclostrophic winds. This is rsasonable, 
becaus? the observed winds contained random errors due to 


inaccuracies in the radius determination, and systemati 


Zoseeument ®2rrors. MPSOMME sec toons or fcets were not con- 
Si dered. Errors ara likewise introduced due to the wind 
averaging process. APG Mesut lod Zeenmes Saowh chat if tangen- 


iD 


meciearnd orOLiles which are in perstect gradient balance aze 
averaged, the resiltant set of averaged winds will actually 
b2 subgradient. Pisa tay Memo vecesan  —2Xplanetion for “at 
Meccmmpacce Of the discrepancy between the calculated ani 
observed winds neted previcusly. hice hesge Numsjer of cos- 


celated pairs (an average of 450 per case), together with 


*he linear regression ¢quations, suppert the contention that 
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ememcearcuiatcd winds are ag>sad estimate of the observe 


pau 


Wad Ss . 

Significant differences between Cieeeormr= 14-20) of 
observed winds with gradient winds, and that of observed 
wWeeas With cyclostrophic winds, were not evidens. An 


ray) 
ct 
( 

tt 


sempt was made +o discern the 2 


() 


BeceS© (Of th- SE2O12s 
Pavemeter by evaluating the cyclostrophic and gradiant: winds 
meemGverOonesS NOorzh and south of 20 N. Again, there was no 
peat eecan =) Gittersnce, although the correlation coefficient 
Was smaller for the 90 NM winds of cyclones nort OE5 20 Ne 
This was probakly because many of the cyclones wer2 weaken- 
maGmaneyeao “UNdGerGoing @xtratTopical *rcaasition north of 20 


(i) 


Sult, the wind andmass fields wert becoming 
deformed to such an extent that the symmetry assumptions 


Peevectisly Siuated were no longer applicabls. 
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Pimeelbaegest correlaticn cdefficient 
Demeerneecmes OO NM wirds (Fig. 1 and 2) and the lowest with the 
30 NM winds (Fig. 3 and 4). It was susp2ct~sd that the lower 
bination of the 


Seeeeieat1ons at 30 NM wer= due «704 fe) 


— 


9 


SeeseeowOe che Proximity of the 30 NM observaticn to the 
Seeowmdileeewhach could differ significantly from cyclone to 


cyclone, and the Doppler attenuation problems which can 
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Geers nh the heavy precipitation near tha cyclone c 


aD 


ME 

| 
iD 
| 


meee, since the slope 98 the 700 mb surface begins to charge 


very rapidly across the region from the eyewall to th 


‘D 


eycione center, Peeecoencercdumeremics diffessnce approxi ma- 
tion to the derivative of geopotential hsigh= with respect 


eemeecadtal distance may become l2ss accurats. This is criti- 


fu 


cal, since the height at the 


OV 
© 
ad 
4 


Q) 


2mcer and the height at 


iieemicea. -C CStwmete the derivative at the 30 NM radiu 


(n 


Diese COmMPuscational inacctimacies could contribu+s to the 


larger amount of scatter about the linear regressisn "best 


rh 
ioe 
it 
} 
] de 
J 
(D 
#7) 


act wind speeds greater than 20 m/s. Since the 


Scatter below 20 m/s is Significantly lass than zhe scatter 


© 


above 20 m/s (Figs. 3 and 4), 2 wind sp22i 3f 20 m/s (40 kt) 


Meeyeesmdecete a chreshold for accurate estimates of the innsee 


(D 


gzopotential gradient. Belem? OMS, Sete LCinite difierence 


approximation appears *9 be valid, but as the 700 mb heights 


iD 


Babeemeat the cyclone center, and wind speeds increase ro 
peeve 2omm/s (tropical storm intensity), <h2 accuracy of the 
approximation decr2ases. This threshold is possibly 3associ- 
ated with the development of the eyewall, which is a crucial 


Stage necessary for the continued intensification of the 


Cyclone. 
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Peeveocea SO c6s-cd whether the Srror statistics 2* 30 NM 
Sausage se=ueemprovea by Changing the finite differencing 
technique to reduce the inaccuracy in 2#stimating *h2 700 mb 
slope across the eyéwall. Therefore, tne 30 NM data were 


also analyzed using gradient and cyclos<rophic equation 


OF) 


ct 


te 


which evaluated tha 700 mb slope at 30 NM uSing <=he haig 
values az 30 and 60 NM, vice 0 and 60 NM. In both casss the 
Soseelaswon COecrfticlents were slightly snaller (0.779 versus 
eoeeeoeee one Graljtent case; O.777 versus 0.785 for the 


Sverocts@mn.G Case). Sildnifticant improvement was evident in 


ct 


he RMS values for 


(D 


“he RMS errors, however (as compared td 


27.2. C 


@ 


ntered differencing scheme listed in Table III). Los 


Conall 


“he gradient casé¢, “io metioesl OG GEOppsed from 11.2 m/s £9 


ct 
om 
(p 


Sano) 1/S. Penne CYCLOSt£@ZODhLS case, RENSwe>s ose dsoupea 


meee 11.09 m/S to 3.6 m/S. The decreas 


(D 
in 


Were probably dué 
eee te = itera t ch a2 the e=zroneously hich gradient approxi- 
Mations associated with the small, conp2act cylones. The 
VeaTyeleigesseauverias2 2h the RMS e2ror which occurred in the 
cyclostrophic case was probably due to the fact that the 
Baqgnmeude GL the Syciostzrophic wind is dependent entirely 
upon the heigh+ gradient, whereas the gradient wind magni- 


“ude is also dependent upon che Coriolis parame*er. The 
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bias errors were of similar magnitudes, but differen= 


0) 
j é 
'Q 
s 
(N 
8 


Heian aadien= Case, the bias changed from 4.5 m/s =c ~-4.6 
m/S. RhemeveleostsOPaAle@umoles Changed from 5.6 m/s to -3.5 


m/s. This implies that the centered differencing schen 


W— 
D 


nh 


f+? 


overestimated the slope and the non-caatered diffarenc 


iy 


ve) 


ct 


scheme underestimated it. The biggest discrepancies wers 
evident in the comparison of the regression equations. Ove 
Detar] Gradient and cyclostrophic cases «he slope cf «he 
mijeesstone lane Wes LTeauced fram near 1.0 #5 less than 0.68. 
This also emphasized the overall undarestimation of the 


height gradient by the non-centered differencing tachnique. 


Thus, no particulac advantage was gainsi by using the non- 


Semeer=i AtEfecrenciag technique at 30 NM. Rienough) sr >one= 
Sishyeenagh  geadiants were eliminated, erroneously low 


era. = 


gradients were introduced. [It appears taazt 30 NM i 


Qa 


cal distance where Peete Cit rStencaiang approximaticns 
become tenuous. Some knowledge of ‘eye radius would be 


mecessary to chocse the preper scheme for a given situation. 

The primary conclusion which can b2 drawn from Table II 
is that for most purposes the mass-wind balance within 90 NM 
can be approximated by a cyclostrophic balance equation. An 


2Xamination of the root mean square error (RMS) and «he bias 
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vaiues (Tabi¢e IIT POwewer nem cases via: 2 gzradier* dal- 
eemepegiciesem: Ney be  Slighely more accusate shan <ke 
SitetoclLOP nae belence squacicon £Or this 1473 set wntn a cern- 
Mene=d Gitferenci1ng approx2maticn to the height derivative is 
used. Beane on= 20 ee eama cha 60 NM RMS error and bias 
values are lower for the gradient equation cass. 


Ras, 2 ror 


Gaad  en= 


TASLE III 
eeemeetocae Vai Nes on Gradzten-/lcyclostrcphte Winds 
Wind Case: . aS (17S) Bias (m/s) 
30 NM radius tie 2 4.50 
Ue vi rac™us 7.04 2.40 
se: 
50 Nitsa dsus esse 2 oo 
OCs Meads 11s Be lid 4.62 


Gia?) 


CALCULATED WIND 
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70. 





0.010.0 20.0 30.0 40.0 50.0 60.0 70.0 
OBSERVED WIND (M/SEC) 


Galeulaced Gradlien= Wind (y-axis) vs observed 
Neeieeeex=aXtS) at 60 NM Gadius. winds in m/s. 
Curve is least squares best fit co the data. 
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(M/SEC) 


CALCULATED WIND 
0.0 10.0 20.0 30.0 40.0 50.0 60.0 





0.010.0 20.0 30.0 40.0 50.0 60.0 70.0 
OBSERVED WIND (M/SEC) 


eee eo.) S28 M taeeco 22g. t, Sxcept cycleos*rophic vs 
observed wind. 


(M/SEC) 
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70. 


CALCULATED WIND 





0.010.0 20.0 30.0 40.0 50.0 60.0 70.0 
OBSERVED WIND (M/SEC) 


Pier esemerson' tar tO Fig. 1, except at 39 NM radius. 








CALCULATED WIND (M/SEC) 
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70. 





Perea ese cese. 0 56.0 60.0 70.0 


Choe ED 


T+ 


de iw 


has been observed 
moO. Riehl, [ihe sre 


moerteeretal wind structure 


<3 
NI 


r 
il 


Seis wo FiLgs: 2, 


(Hughes, 


and Shéa 


1 of 


WIND (M/SEC) 


Sxc-orea= SO°NM rcadius. 


Poteen ENDS SPE ED=-RADEUS RELATIONSHIP 


g bie ha ee 
and Gray, 372) 
Sa ay eeaepecal cyclons- can 


“he Torn: 


constant 


COUSCz are 
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ee wmcocyeessumed COnsSstvagaeon of potential yortici-y 
for a steady state hurricane. Pic essinps aon 20pDliss thas 
Smemeus: Of =Ne sangential fsictional drag is 2qual to zero. 
Meee tie- her implies chat the ovartial dsrivative of the sur- 


face tangential stress with respecz toh 


3 


ct 


+ a 
a ke w 


ip 


eas Sa ay 
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‘4 


meeeedius 25 equal £0 a constant (Since the partial derive2- 


cr 


Maemo sec pC. =lena! so ‘the £rictional irag). Pnesgseting 


mitepasc2el detivative from the surfate t0 th= leavel at 
Mee on one surface stress equals zero yields «he rtelation- 


Siieep: T = censtant, where r is the radial distance fron 


ty 


ct 


h 


wD 


CYGL 


O 


ne cent? and t is the surfaces tangential stress. 
Meme drag COC tLislient Ls assumed to bse constant, the sur- 
Tercera oCetteat —sersss is direczly opraporctional tec the 


eqmmerse Of the tangenciel velocity: t& = constant X v 


Semeeiidg thas Equaticn with rt = constant producss vr = 
Cems ant. 


S 


- 


aoand Gray (1972) Soecula ted@emvalue fo> x, in (5)s, 
Sen ida (t/-0.6) inside the RMW (radius of maximum wind) 
emer =U sy ecieSsude ths RMW, cor profiles of flight 
levels between 90) to 500 mb. The latter valu2 is very 


GWeeeweo ene Velie Of 0.5, determined by Rishl (1963). 
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RememleGWlncecna Valle fOr X 2h (5) f2-9m the wind cbhs2rva~ 
pemetiameasSScetated with the 25 tropical cyclones 3 «his 


study, (5) was expressed as: 


4 
Wo =< (6) 


InV =x’ Ine + C 


One (7) 
Pom cach radial lac, a least squares best fit line was 
iesoamemed £02 the Set of four pairs of {lin V, ln =) points 
moo eee co, 90, andi 120 NM. By evaluating +he slope of ths 
fCemverme ry Jon=S £Or Many radial leqs, it was possible «=o 
obtain an average x'., 

Meemedidea Ss< Used Lon <chis = hesis did no=t contain suffi- 
Seen er PLrorMation tc determine the RMW accurately. There- 


EQeetecoOmecl: Minate chose Situations in which the 30 NM wind 


(0 


Sos==Veakronm wes definitely within che, RYW, only those radial 
legs which displayed an increase in wind speed with décreas- 


ing radius were considered. With this restriction, an aver- 


> 


age x of 0.47 (+/-0.2) was obtained for the data sat. ines 
value is exceptionally close to Shea and Sray's value, which 


indicates that the quality of the operational reconnaissance 


ai) 





Pies On 2 par with the quality of th2 data collec<ed by 


Heeng the exponent value of 0.47, equation (5) was 
Seemstonmed =o Calculate the 700 mb tangential wind at radii 
greater than the RMW, given the wind sp2ed at 120 NM. 


47 
8 
V (120) 1129] a 


where, V(r) = wind speed at radius cr 


V(r) 


r= radius greater than RAW 


V (120) = wind speed az 120 NM 


Geer eteclOns Detveern che winds salculat2i using (8) ard the 


observed winds are shown in Table IV. 


Dyes OLN 
Mereeateactcn C2 Winds Calculated Etom fq.(8) with Actual 
Winds 
Radius Coane Coat =. Regression Equation 
(NM) (4inds in m/s) 
"Tdeal case" 1.000 Veo xt 0. 0 
30 2/35 ta=o 207 le 1.6 
60 Puchion Vel oo) xX =) 24.9 
90 AE PA) Vee te OSI ee 159 


Verge tecce ce calculated wind, x refers cco cbserved wind 
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Boel emma iiees badai vie cCoOrtrelation coefficients wera 
high and the calculated regression equation was very clos2 
=o the "ideal" equation. This is anothar damonstration thar 
Bae Wend ObSerVations of this data sez adhare <+to the rela- 
Te Onship which has been noted in pravisus sresearch. This 
contention is further surported bv the small RMS ¢srror and 


bias values (Tabie V). 


TABLE V 


RMS and Bias for the Wind-Radius Relactionshiv cf Eq. (8) 


Radius (NM) Rvs. (07S) Blas (m/s) 
30 8. 90 Pees) 
60 4. 96 -1.17 
90 3. 24 -1.907 


mmc. po, Onand J are plots S£ measured wind vs wind cal- 
@ueeceeceetomw (8) for tadii of 30, 60, 2nd 90 NM, respec- 
eve 1 y . The scatter about «he best Zit curves decreasas 
Meeieenceed=ing cCadjius, which impli¢s that the accuracy of 
“he wind-radius relationship of (8) is raduced as the radius 
decreas2s from 120 NM. SpieGt=scauly,, che large scatter 
Boewremclommeopest fit Curve at 30 NM is probably due ‘to the 


proximity of the observaticns t9 the radius of maximum wind 


ct 


{which is not known), where the coefficient in (8) changes 
values. Doppler attenution problems in that region, as 


previously méntionad, can also produce spurious wind data. 





Peonoeetioeye soted that (5), with x = 0.5, anpeared «a 


Memiere: Nt he erOnplcsal cyclones svaluated for his study. The 
s i 
tangential velocities he consid2red, hodwaver, were gener- 


ally obtained at altitudes of several thousand feat. There- 
meoSse,) iteMay not be proper to corclude that (5), with x = 


Seo, aS Validated by these data. Riehl 


—_ 
t 
—= 


ae. on 


() 


hip w2s 


2 
} 


developed from cther relationships whith involved surface 


*angential stress, but these 700 mb chsérvations are sone- 
what above the surrace frictional layer. Also, «*h2 assumo- 


Mronmcidt che drag Coftffiicsent is Constant throughout the 


ct 


*ropical cyclone may be questioned. fea. De enozs  COLn SC 
pemeere: to (5), with x = 0.87, as simply an empirically 
derived equation, without attempting t>9 gives &@ physical 


Pieertoretation to the relationship between wind and radius. 
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(M/SEC) 
0.010.0 20.0 30.0 40.0 50.0 60.0 70. 


CALCULATED WIND 


0.010.0 20.0 30.0 40.0 50.0 60.0 70.0 
OBSERVED WIND (M/SEC) 


Jee tne ceed a( ec) (yea xis) VS sbserved w 
Corsece overt, Gl=vye a= least square 
wOerda —as 





0.0 10.0 20.0 30.0 40.0 50.0 60.0 70. 


CALCULATED WIND (M/SEC) 


0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 
OBSERVED WIND (M/SEC) 


Seeoeeenerms tO Fig. 5, 2sxcept for 50 NM cadius. 
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(M/SEC) 


CALCULATED WIND 
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70. 
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Pease dn) Stmitarc to Fig. 5, execpt for 90 NM radius. 
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EV. THE MOLST SmaATr 


A. pega w OP STROPICAL CYCEONE DPNTENSIFICATION THEORIES 


Bemmene  DUEDeS=sS Of this study, czrospical cyclone inten- 


sity and change in intensity Wes5> arbltrasily defaned ia 
Seems Of central surface pressure. Shee7s (1969) show2d 


a 8 


maagtetne 100 mb Surface in “he vicinity of a hurricanes i 


(i 


Deewealacc ead bY ths presence of the tropical cyclon3. Thus, 


M@emecitadl SUrlecs pressure 2s directly proportional to the 


she hypsometric equation). ApwareaiysSsis OL the relationship 
Demwe-a C=n-sai Sureace pressure (as dstermined by 2xtrapo- 


Bae2e0n £rom 700 mb) and 700 mb center temperature (a crude 


ve 
i) 


Sseeece Of he mean temperagure ef «he air column), pro- 


MeeeeGeemecos==la=10n CoOecfticient of =-0.68 fer the date cf 
Sits S7uUCY .« Given the larg? number of tamperature/pressure 
pairs evaluated (476), a coOecEfFicien: sr this size implies 


that the two parameters are related, aS was expsczed (Fig. 
2). 


The temperature/pressure relationship described above is 


{> 


a “@ernerstone cf most tropical syclone disvelopment th 


TE 


Or 


Gs. 
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cyclones. Curve is leas* squares best 2° 
data. 


A prevailing theory of +trepical cyclone ues sie Ca - 2 On 


BARE ceoomoLex ser Mss vee 
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and the associated verticai adjustments, Wiech ase 2Oe Ss 
fully underszooc. Nesom adie xo lanacion Cl his =nsory 
is es follows. Noe lowemleavs! Sak esperais foward =he Centse 


of a Geveloping tropical cyclone, tne temperatures and mois- 
ture content are increased due to fluxes o- heat and water 
YVa0O0r f£rom the sea surface and downward transfer of heat 


f-om above due to entrainment mixing ani subsidencs. when 


uu 








sueomlow=ley2l aic reaches the eyswall ict begins =o ri 


in 
«b 


Tapidly. Cooling due to expansion eventually induces conden- 


Sation and the resultant release of tramendcus amounts of 
latent heat. Rather than increasing ths ambient ~emoerature 
within the eysewall, the latent heat instsad is transformed 
n=O potential energy by aincreasing the buoyancy of the air. 


it 
t-- 
Wf) 


Once the @ir reaches the top sf the eyawall som2 of i 


eventually entrained into the eye where it is forcei «ce sub- 


fa 


side. Drew anysaeGal SEOcess FTSSpOrSibls for this subsi 


be 


(A 


ance 
1s one of ths phenomena which is net fully understood. The 
subsiding air within the eye warms by compression and pro- 
duc2#s a decrease in the surface vréssure. Thus, the sensi- 
ble and latent heat which the air acquired as it passed over 
she octan surface eventually is manifest as an ambient 


*emperature increas¢ and, therefecre, pressure drop, within 


“he eye. Mae dzop in Su=tace pressure increas2s the inflow 
Megemene Sirrace which in tura enables the infleowing air to 


absorb still larger amounts of sensible and latent heat 
aneray and the vertical circulation is snhanced. Some of 
this energy continues to find its way into the ey=s where it 
causes still further temperature incr2ases and associated 


pressure drovos, and the feedback cycle continues. The 
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tangential wind near the center increases, as the vertical 
eee fon Intensifies, due £0 conservation 9£ angular 
momentum. Once a tropical cyclone is deprived of its source 


of latent and sensible heat, as is th= case wh 


(D 


over land, for example, dramatic weakening can cccur. 


Bomemonasizea Dy Holland (1983}, clouds are a crucial 


feweccor in the intensification process. Besides providing 
pucmmaeent heat which controls the strangth cf the vertical 


Q 


Mmacweats On, th= Clouds also provide fr a local recycling 
of mass. This recycling produces warming necessary +o main- 
Sain a balance between the mass fieli and the developing 
area old unde=> che vereical circulation. Naso, Gray 


Mir Sb suqges=s that the recycling induses a local enhance- 


Menz of the evavorcation from the s2a surface which helps 
batance he export of moist static energy by the vertical 


Sr=Cupation (Holland, 1983). 

miawsimelisaed Gescription of tropical cyclon> develep- 
Memempecsented above, known as the CISK (conditional insta- 
PeemescyeOnr ech] Second Kind) theory, was proposed by Charney 
and Eliassen (1964). Other research (as summarized by 
Holand, 1983, for a2xamrle) Nase2halcated ~hat the CISK 


theory does not aliequately explain all aspects of tropical 
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cyclone development. Ratedemnoso) ay Oot hnesized tnat posi- 


j4- 


tive vorticity advection downstream of an upper-level <trough 


f-!- 


in the st 


x 
D 


(D 
t4 


lies could induce upper-level divergence over 
an incipient tropical cyclone. The low-level convergence 
associated with the upper-level divergence could chen lead 
Seetieeansiftica=ior. Riehl (1975) has proposed that 2 tropi- 


cal cyclone may inten 


" 


Pi~eemama emcee spy cold Woper-level =rzo- 
pospheric low collapsés APsecendary Circulat#on is set up 


Byecthe SuDSiding aLf& in th 


(D 


SOndm. Ow and the fising @ir in 


eae cyclone. its ps sl eCaciogn 2 cCUrs a 


Gi 


angular momentun 


1? 
u) 


<ransported inward at low levels. Saq tse 1973) has nosed 
“he relationship between tropical cyclone development and 
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een oles shew tsoplcal Upper-Tropospheric Trough 


'O 


(TUTT) meat Ve =O) che cyclone. H2 sugg2sts that <t+he 


BemamleSiment Of esas terly and westerly suttlow channels by 


4 


ememlul, increases the ventilation of heat away from the 


(D 


Spieler e.  In2=S ProOsSessS appears to result in intensification, 
although a complete explanation of how upper-level outflow 
Beleee=rsmareec. Intensity change is lacking. In addition to 
the intensification mechanisms describei above, which rely 
“oO agreat exent on thermodynamic processes, 2 purely 


dynamic intensification méchanism has 21so been proposed. 
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Conservation of angular momentum produces regions of rneg- 


peetcmvOStICi cy at Upper levels near th> center of 2 cro 


se) 


@meecyerone. Ihe sutfilow air can becoms inertially unstable 
memes Nega-1V¥2 VYortic: ty excseds the planetary vorticity. 
Mich. s Situation, dSutward acceleration at upvar Il1evels 
would develop. Mass continuity would require surface con- 


vergence, pressure falls and, therefore, cyclone iatensifi- 


iD 


iD 
Me | 
ce 
t- 
+e | 


G2=210n. Although inartial instability is ini 


on 
OH] 
{D 
i4 
< 
iD 
fs 


me@oecat CYClOne Models, it has not been directly 93 
(Black and Anthes, 1971, for examples). 

From the discussion above, it seems probable that tropi- 
Meee clone 2ntensl:2caticn is sortrollesi by =he interaction 
Memeween the Cyclone and the synoptic scal2s of motion, as 


Wowace je ante GastLlon between the moist convection ard the 


Syerene scales cf motion (CISK) , as suggested by Holland 
egasy. ie sels or the Synoortze SCalS Snvironmen* may bs 


() 


rt, 


Peteals- in OfGan. Zing the mnolst convestion fields *o .~per- 
M2c Cotimum exploitation by tha cyclone scale environnent. 
MieewoudietEOpLGal CYCLONE 3heenSitication is controlled by 
Slem=eadyNnamiG Incertaccion between the cyclone and synoptic 


scale environment, it is ultimately dependent upon the moist 


Somemec-2on (Helland, 1983). 
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miewcwen.ca: Cyclone. The mors vigorous the vertical circn- 
Fabel On, the lower +he ceéentra Sum caccur DL eSSusS 2:4 92h 


@creater the tangential wind speed near the central region. 


maeiccmec he VSr=icel circulation is controli2ed t02 great 
extent by the clouds near ths maces cs On Centes, it. 2S 


plausible to assune that a relationship may exis between 


changes in the néar-center cloud energetics and subsequent 


ehamges in cyclone intensification. It would not be neces- 
eebeyeeO KNOW he SXxact Cause Of the change in cisud ener- 
g2tics (which may involve complex interactions) in order to 


evaluate the effects of such changes. 


Bs RMimeoOuULVALENT POTENTIAL TEMPERATURE STUDY 

One parameter that can be used +o estimate the energy of 
eectec-meGredit (the Non-kinetis pottion) is the equivalent 
Peet ose cempetatirs, since it takes ints account the 
energy due to both sensible and latent hear. Malkus and 
Riehl (1960) attempted to determine the r2lationshio between 
a change in equivalent potential temperature anda cor- 
responding change in surface pr2ssure. They began with the 


assumption that the conditions within the eyewall of a 
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Beocecal Cyclone are very nearly moist adiabatic. This was 
Meer yeritied by Riehl (1970). These aydees.acti1c squation 
was then integrated to determine the surface pressure under 
the eyswall assuming chat the 100 mb lsv2al was undisturbed. 
Becauss the air was assumed to be saturated, the equivalent 
BemeRciat temperature within the colunon was constant w: 


height and the temperature at any level could be dé 


cr 
iD 
4 
=! 
j 6 
wp 
Qu 


Beomea MOLSt adiaba:. Song suis ~eChnigue, and solving for 
differean= values of equivalent potentlal tamperaturs, Malkus 


Smemeeen! (1960) developed the following relationship: 


4 
(D 
(n 
4) 
wr) 


where, SP = surface p 


‘Be 


re chanjy?e under syewall 


equivalent poteniial temperature change 


Meeemguaess Coat EGSONMalssance data@sstasr Atlantic <ropical 


cyclones and a linear regression mecznod, Riehl (1963) 


@=teemened =“ne £ollowing empirical ralationship: 


ees, Pp 


Ge 


Surface pressure under eyewall 


equivalvent potential «+ 


(Dp 


mperature 


(1005 and 350 are reference values) 
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Beet ana Tsui (1973) found similar rasults from a 
Meise oereaci ric =ropical cyclones, excseant zhe cozffici 


was determined to be -2.25 vic2e -2.56. 


ith 


The results o the above studies gives a strong indica- 


Sone cia= a Changs in equivalent potential temperature is a 


Meeessary, =hougk probably not sufficisn-, COMA 2 © 16 os 
eeapacel cyclone intensification. Romer s shdeoae= (LMP oted 
Piiaer=10S¢ process?:s which govern che transfizr of sensible 


and latent heat to the lower atmosphars ( s2#a surface 


tamperature and wind speed, for example) also have a signif- 


()) 


ween nr neice On Che intenszficatiion ovatcern of a tropical 
eve lone. 

Peopercal CYClONes cyYpicaldy deepen 2t rates cf isss than 
Meer iot=, but ecoasiosnally a cyclone will undergo a period 
of rapid, or even explecsive, deepening. Holliday arzd 


mmomeson (19/79) defined rapid deepening aS a pressut 


‘Dp 
Qi) 
ee 


dso 


SE 390 |b in 24 hours (-1.25 mb/hour) and explosive daepening 
ecommerce i 30 Mo ane 12 hewrs (-2y5 mb/hour)>: The majority 


pemeaepiocale Ccycloies inmethe northwest Pacific which reach 
Ssuper-typhcon strength (maxinun sustained surface wind 
speeds of at least 130 kt, or a mininum central surface 


pressur2 less than about 911 mb) ae tan that -LheTensSizy 
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BOl1Gw2ng a period of explosive intens: 
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and Thompson, 1979). 

Two attemp*s have been made to davelosp «echnigues which 
Soume se used to Lorecast explosive deapening based on 700 
mb equivalént potential temperature. Sikora (1976) analyzed 
dropsonds and upper air sounding data associated with tropi- 
Popeye lLones ih *h= northwest Pacific. An evaluation of the 
aveilable data indicated that the potantial for explosive 
deepening increased when the 790 mb aquivalent potential 
temperature exceeded 370° kK. Siysorauwas GULeCk tO poin® cut, 
however, that his results were based on a small data set and 
PVebeLOrS Way noz be conclusivs. Dunnavan (1981) developed 
PeEneei Silty fPeorecaStang technique for northwest Pacific 
~ropical cyclones which involv2s monitoring the relationship 
between the minimun s2a level pressure at the cyclone center 


Srammenewcent=al 700 mb equivalent poteatial < 


iD 


mperature a 


” 


determined by aircraft. Simultaneous pressure and temper- 
ature values are plotted verses time on the same graph. The 
vertical pressure and temperature axes are oriented, based 
on an ampirically derived relationship, so that 2xplosive 
@eepening is anticipated if the pressure and ‘temperature 
traces intersect. This technique has shown somé skill and 


15 currently used operationally by forecasters at the JTWC. 
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C. ABEROPOSED INTENSITY CHANGE RELATIONSHIP 
Mes sis Significant evidence to suoport the contention 
that at least some of the change in tropical cyclons inten- 


sity can be directly related to changes in 2quivalen+ poten- 


- 


(D 
(i) 


~as 


iD 


tial tempverature. Di@eensseis indeed ch ; weEvcan bp 
assumed that a steady, constant increase in é¢quivalens 
Peecemcial temperature would bs associated with a stsady, 
constant decrease in central surface pressure, and there- 
fore, an increase in intensity. Lixewise, a sudden increase 


in the equivalent potential tamperatur= of the air moving 


tnto the eyewall aight be expected to orsducs a subsequent 


sudden decrease in surface pressure, and thereby initiate a 
pericd of explosives deevpening. Rapid or explosivs deepening 
meer mec GUS tO the ateival, a= che bas? of the syewail, 
Poe Ose Or air Of Sigulcicanzly higher equivalens 
Pe eehcsal szempetetuge. These pulses could be she sesult of 


ah increase in the strength of the northsast trad¢ winds, a 


Surge in the southwest monsosnai flow of areas of anoma- 


lously high sea surface témperatures, for example. In each 
case the low-level moisture content, and therefore 
equivalent potential *emperature, cou ld be increased 


Sime secantly. 
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Pesci pUlseS SdOecxdct, Lt may b2 possible =0 dstec+ 


- 


eeete bresence Erom the) reconnaissance aircraft data befors 
they reach che base of the syewall. DiemaesecOreOn <Of 2 


pulse before it reaches the e2yewall might provide a fcere- 
eeeeeeecewWlth ag@vVane> ndtice that conditions Zavorables fora 


rapid change in intensity were developing. Significant 1 


iD 


ad 
time may be possible because 2 périod sf time is required 


#9or the latent and sensible heat in th2 low-level air to be 


(D 


tn 


th 


transpor+ed from the ocean surface to th2 interior o 


aye, where it can produce «he surface pressure drop. 


V} 


D. ASSUMPTIONS NECESSARY TO EVALUATE INTENSZTTY CHANGE 


BvecemM@pPOsicingG Tawinscnad= data for nany Atlantic <tropi- 


Q 
jv 
t~ 


everones, Gray (1979a) was able tc show that ths strong- 


~« 


Pee Ow exXISts DSioy 800 mb within 129 NM of the tropical 


() 
ny 


BG one Center (Fig. 9). Prous, 22] N2gh Saquzvalent po zer= 
tial temperature air flows toward the 2ytwali in a regicn 
which is generaliy below the flignt level (700 mb) flown by 
*he reconnaissance aircraft in the northwest Pacific. 

Frank (1977) has determined that the maximum vertical 
Mao semmcessoctated with a tropical cyclon2 also occurs within 


iomiinmot the cyclon2 center. Since at ieast some of the 


near-surface air is advected upward through the 700 mo 
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Pao eet s assumed that any fluctuations in the nrear-sucr- 
face equivalent potential temperature would be reflected at 


miEee UUM) teVEl WnerS 2=t could be decscced by a reconnais- 
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Biaemieecne sa=crart. A 
Hawkins and Imbembo (1976) showed that substantial variatica 


SXiSted im ehe horizontal equivalent potential zamperature 


eicld. Memeceduevatoatlecns, howeve:, appeared to follow a 
Beuae ean 4 age 10). Meods mee Owes (Or higher aquivalent 
Dawe ntia temperature at 700 mo appeared =o e€xtend 
Vonpacelly into =he regions below 700 mb, as indicated by 
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PC Ca) OL ensa ti On C= “he Contours. BoGed son = 


Hurricane Inez study, the assumpticn is made thas the equiv- 
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below. 
HURRICANE INEZ 
EQUIVALENT POTENTIAL TEMPERATURE (°K) 
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RADIAL DISTANCE IN NAUTICAL MILES FROM GEOMETRICAL CENTER 
Peer). euent cal) CLOSS Seccion of equivalent pctential 


temperature fk) Posuuce cane Inez on 23 
Soomenoc= 19606 (Hawkins and Imbembo, 1976). 
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Another assumption must be made concerning th? averac 
Saerieeeaudca 26s the 25 tropical cyclones of this study. 


Eteeily, the tropical cyclones would exhibit axi-symaeery 


ct 
2 i 


wi respect to the temperature and dew point fields (and, 
Silerienore, <hS €quavalent potential tsaperature fisid) in 
pepe hierizontal. If this were the cass, chen i« would be 
possible =c assume that an average of the inbound and ourc- 


bound flight l¢ég temperature and daw point values, ata 


given tadius, wceculd be representative of che 


(D 


Nteoe  cyerens 


moe thet radius. Gicarly, complete 


(Q 


TMCt Sy 2S Ge. Ot Tea 
Mmeervecq (Gs. 0. the field in Fig. 10 for Hurricane Inez, 
1966). 

It is assumed that the change in central pressure will 
be due to tn? net thange in equivalent potentiel tenperature 
S€ the low-level air which is arriving at che eyewall fron 
Pimerse@e@iOons. Thus, £f high equivalent potential temper- 
ese nast> trom One Sé€micircie o£ tzhe cyclons artives at the 
eyewall at the same time +hat low 2guivalent vootential 
amperature air arrives from the cpposités semicircle, thev 


m Bema cou Gtrset, SO that 20 Significant change in #he 


rey 
meg 


(D 


Mimetes=1cdtaon trend Would occur. An average of the equiv- 


Sl@mcepocentzal <enperatures for the two semicircles in the 


ayy 











apeve example would likely result in an squivalenc potential 
temperature which would be consistent with a steady develen- 
ment trend. However, if high equivalent potantial *emper- 
ature air arrives from both semicircles, the average of thea 
coe Borepeeeeal temperatures would be large and significant 
Meee nsi ts caticon would be anticipated. 

Because the aircraft reconnaissance data of chis study 
were used to analyze the equivalent potential temperature/ 
stntensity change relationship, it was aecessary to assume 
that the data cbtained for a radial lég were represantative 
Peete Semacarcie tha= they were centsrei on. This is preb- 


ably a good assumption for developing syclones (which ar=2 


(WD 


@eeewMasn focus of this study). The assumption begins to 


d 


pan 


break down, However gupas ene Cyclones begin to fill a 
become 2xtratropical. 


Equivalent potential temperature values are 
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Sensitive to the amount cf water vapor present in ¢ 


Therefore, «zc minimize the effects of extreme fluctuation 
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in moisture associated With random encounters with rain- 


& 
ho 


7) 
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bands, the emphasis of the dy is on tne 30 NM observa- 
eons. It was hoped that the relativ2= humidity would be 


more consistent in that area since clouds and precipitation 


tend to concentrat> more uniformly near the cyclone center. 


58 


= 





Meese uceas2c GCnergy 21S 4 measure of the "sotal erfec-ive 
Smergy"’, Since == takes ints account both the sensible and 
Meeene neet COntained in an air parcel (Hawkins and Rubsan, 
fee). The ¢quation which defines moist static ensrgqy can 


take the forn: 


H=CpT + gz + lq (11) 


where, WM = Novstasea c2c en Sur = 14ss 
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SDECLE@eomnedt cr Gry Gir at constant 
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pressure 

T = air temperature 

G@ ="aecelenat ion Of gravity 

z = height of pressure surface 
L = latent heat of condensaticn 


jd. = Mien ca cro Of Oar csl 


iemeomwep= Shown (Holt¢cn, 1979) <zhat 
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is approximately conserved when equivalant votential temper- 
aealeeen== scensesved. Therefore, moist static energy was cal- 
culated rather than equivalent potential temperature, since 


H is more easily evaluated. 


a) 





ne BYVACUAWUEON OF THe INTENSITY CHANGE RELATIONSHIP 
Bote ecweOt cia 25 t0epical cyclones cf «this szudy had 


iememececOrds Of SUET2cCTent length and detail ts describe 


ct 


heir evolution. Four of these 14 cyclones attained surface 
central pressures 9£ 911 mb or below following a period of 
moped Intensification. The average pressure drop was 
MomeoxeMetely -1.7 mb/h ( ~-89.0 mbs48.) hh), Whee he aes 
between the rapid and explosive deepening rates defined ir 
Saadter iV. Graphs of central surface pressure versus +ime 
and averaged 700 nb moist static Energy (at 30 NM) versus 
Seeme were Drepared for each tropical cyslone. The four rap- 


idly deepening cyclones were evaluated because their rapid 


meee rs:£icea=ion periods were Ssimilac. The remaining 10 
eyclones cculd net be compared because their intensificaticn 


ScGmemOsst Static snergy trends had very little in common. 
However, the graphs of two of these: typhoon Owen and super 
*“yphcon Judy azé sontrasted with the four rapid deepening 
eyemones in subsection 2. 


1. Four Rapidly Deepening Tropical cyclones 
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An examination of the graphs 9£& the four 
fe ooetnoetnootea, GCyYelones (Figs. 11-14) indicates that the 


moist static energy reached a peak at or just prior +o the 
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period of rapid detpening, and decreas2i during ths subse- 
quent 438 hours. The noteable exception is super typhoon 
mavoesir2 ge It) > whose 30 NM moist Static snargy continusd to 
increase during the 48-h deepening phase. Iz>ma@ may have 
Beeman atypical cyclone, however, since her 700 mb Eye 
temperature never exceeded 20 Cc. This is very low compared 
@oyeetne Lypiacal values 9 26 C¢ or higher which have been 
observed fcr tropical cyclones of her intensizy (JTWO, 1980 


peoeslsoz, LOD =xemple). 
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Pagure sla eGesSsure and moist static aah. VS <2 t= CuLVEeES 
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are consistent with empirical relationships obtained by ear- 
meee Soa Eencr= Waen Aclan]2ic¢ tropical cyclones. The 


mass-wind fields of the cyclones dsterminei from these air- 
Saeecatemnwera frOUnd tC Satisty a cyslostrophic balance 


relationship. However, an examination of RMS and bia 


th 


errors of observed winds versus winds scalculated from «the 

mass field ravealed that a gradient balance realtionship was 

ae ie yemionenaececULas.s, @S WaS anticipated (Holton, 1979). 
The aircraft reccnnaissance data were also used to eval- 


uate a long established wind-radius relationship: 
Vr*~=C 
Shea and Gray (1972) obtained 2 value f5r x, sing Atlantic 


Saemmeatmecyc!:ore data, Ct O.47(+/-0.3) for radii outside th 


Ww 


radius of maxinum wind (RMW). BOmEeneec oO NOSE RWEeSt Paci fic 
eaerpreo me yelones ss > “his study, an x valu2 of 0.47 (+/-0.2) 
was calculated. Riehl (1963) also justified a value of x of 


0.5 by assuming a surface tangential stress-wind speed 
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meee Ose) and civac the curl of the cangential fric-~icnral 
drag was equal to zero. Pie veLu= sop 7 U.07 Sealculeted by 


Eyes study, and by Shea and Gray (1972), does not 
Necessarily verify Riehl's theoretical results, since his 
relationship invclves surface tangential stress which aay 
not apply in regions above «he boundary layer. 


Malkus and Riehl (1960) have shown that ach 


p) 
ae) 

\Q 
(wD 
}-- 
oJ 
(+ 
wT 
(D 


equivalent potential temperature? at the base of the syewall 


is directly prepertional +o thea associated change in surface 


pressure. Based on this finding, a relationship was sought 
bezween sudd2n increases in squivalent potential ctamoeraturs 
{a "pulse'") at the base of the e?yswail and subsequent 


decreases 32n central surface pressurs. An 2valuazion of th 


(D 


Surface pressure changes associated with four rapidly d¢eep- 

Pee LOpiesl Cyclones endicated that 3 build-up in mnoisz 
! 

Beget@Gmensrqy (directly related to 2quivalent potential 


memepetoou=cy es CCCULTEd JUSE pridr to a 48-h psriod of rapid 


d2epening. Likewise, iesiwee Guenter droD if Moist Static 


(p 


nergy during the 48-h deepening phas] appeared to correlate 


fous Cases. How- 


(WD 


with a later pressure rise in three of th 
Poe emiesites of Sniy four cases ars not sufficient to 


aSvabiish a catisality relationship. 
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Poo wGOuelusi Ve evidence nesied oOo vsrizy a relacicnrshin 


Se 


t 


between moist static energy change and intensis: chand¢ 


might be obtained through more 2xtensive aircraft reconnais- 


sance. It would b= necessary to obtain complete low-levsl 
moist static energy data around the ovtsids of the esyewall 
aeeeclosely spaced intervals. This would zaduce the problen 


Semmev2ng  <~O désemmine an average low-level moist static 


(WD 


energy value for the entire tropical cyclone based on only 
one or two observations at 700 mb. RISO pean] 9 DSELV.a- 


eeOns Werte Obtained at closely small cima intervals, 


\ 
ct 


would be less likely that a significant "pulse" would pass 


undetected. 


In summary, ec Co wolo ume eduost ai: Leconna:SsSance 
Geren s2b0mnm <he vicinity Opwenemwwest Pacific tropical 


am | 
NO 
© 


1 
if 
' 


Seeones has been collected over th pas years by ai 


ty 


GeoecrOt the S4Yth Weather Reconnaissance Squadron. Al*hough 
*he observations are usually restricted t9 the 700 mb level, 


eovemcawestiz i] provade useful information 9o =e st ruceuc = 


+ 
e 


1 


Gime OPteat cyciones. The quality, Sueraot GUantity, Of 
*his data is ona par with th= hign dansity data collected 


PemesGeoaeG ai -crart in the Atlan@ic region. Also, there i 


" 


(iD 


some indication that Significant changes in th 
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Mbt e ear On trend Of tESp2cal cyclones are related to 
Changes in the moist static Ssnergy of <=he low-level air. I 


MeeeoenePOss.: ble <5 correlate She relationship during pcest- 
Peystcy DUt che Significant Eluctuations that can occur 
RiemeGt=2en coO ambiguous to allow a forscaster 5 us? mneise 


Beeeec =SNeGrcy as ean Operational intensity forecast tool. 
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